1. We have examined the inter-relationships between erythrocyte sodium content and sodium transport in a group of healthy subjects and in groups of patients with disorders known to change the sodium content of erythrocytes.
1. We have examined the inter-relationships between erythrocyte sodium content and sodium transport in a group of healthy subjects and in groups of patients with disorders known to change the sodium content of erythrocytes.
2. In the healthy subjects the sodium content of erythrocytes was inversely related to both the permeability of the erythrocyte membrane to sodium (as measured by the unidirectional, ouabain-sensitive, sodium efflux) and the total activity of the sodium pumps (as measured by the rate constant of ouabain-sensitive sodium efflux). There was a correlation between the total activity of the sodium pumps and the membrane permeability to sodium.
3. Changes in the erythrocyte sodium content were due to a decrease in the activity of the sodium pumps (as in hypokalaemia and digoxin treatment), or a decrease in the permeability of the erythrocyte membrane to sodium (as in chronic renal failure) or a reduction of both the membrane permeability and the number of sodium pumps (as in hyperthyroidism or elderly patients).
4. One interpretation of the results in the healthy subjects is that there are two components of sodium influx; one associated with the sodium pumps in what we have called 'membrane-units' and the other determined by the ground permeability of the membrane.
5. On the basis of this model we suggest that in the geriatric and hyperthyroid patients there is a reduction in the number of 'membrane-units',
Introduction
The sodium content of the erythrocyte changes in a variety of acquired disorders including hypokalaemia (Astrup, 1974) , digoxin toxicity (Wessels, Samizadeh & Losse, 1974) , hyperthyroidism (Smith & Samuel, 1970) , haemorrhagic shock (Cunningham, Wagner & Shires, 1970) , chronic renal failure (Welt, Sachs & Macmanus, 1964) and liver disease (Owen & Mcintyre, 1978) , as well as in hereditary defects of the erythrocyte membrane such as stornato-, ellipto-and sphero-cytosis (Ballas, 1978) . The changes in the sodium transport of the erythrocyte associated with these changes in sodium content have been reviewed (Parker & Welt, 1972; Orringer & Parker, 1972) .
In all these studies and reviews the changes in disease have been defined in terms of the difference between the mean values of the disease groups and that of a group of healthy subjects.
However, the concentration of sodium in the human erythrocyte varies within a group of healthy subjects as much as it differs on average between health and disease. We have therefore examined the relationships between the various components of sodium transport and the sodium The rate of sodium efflux (OMNa) is then calculated as the product of the efflux rate constant (0K Na ) and the erythrocyte sodium content ([Na]RBC)' as shown by eqn. (2).
content of erythrocytes in a group of healthy subjects and have used these relationships as a basis for the classification of the changes in various disease states.
In a steady state the total efflux of sodium from the erythrocyte (OM~a) must equal the total influx of sodium (IM~a)' Conventionally the rate constant of sodium efflux from the human erythrocyte (OK Na) is estimated by a technique in which radioactive sodium is used as a tracer (Sachs & Welt, 1967) . Measurements are made in both the absence and presence of ouabain (10-4 mol/I) and values are obtained for the rate constant of total (OKt Na) and ouabain-resistant (OK~a) sodium efflux respectively. A third rate constant, that of ouabain-sensitive sodium efflux, is then calculated by difference, as shown by eqn. (I).
The ouabain-sensitive efflux of sodium by the erythrocyte, which represents approximately 75% of the total sodium efflux (Smith & Samuel, 1970) , has been attributed to the action of the cation transport system known as the sodium pump, part of which, the Na+,K+-ATPase, provides the free energy required for the thermodynamically 'uphill' efflux of sodium and linked influx of potassium (Glynn & Karlish, 1975; Jorgensen, 1975) .
However, the source of the ouabain-insensitive efflux of sodium from the human erythrocyte is less certain. Hoffman & Kregenow (1966) have proposed that the portion of this efflux that can be inhibited by ethacrynic acid (approximately 80%) represents a second sodium pump (Pump II), which produces unidirectional sodium efflux in addition to that of the ouabainsensitive mechanism (Pump I) described above. However, Dunn (1970 Dunn ( , 1973 and Wiley & Cooper (1974 concluded that Pump II does not produce a unidirectional efflux of sodium under normal physiological conditions, but only performs carrier-mediated Nat/Na" exchange.
The remaining 20% of the ouabain-insensitive sodium efflux probably represents passive outward electrochemical diffusion and is unidirectional.
Therefore the majority (approximately 95%) of the total unidirectional efflux of sodium (OM~a) 
Subjects

Healthy subjects
We studied 80 healthy subjects, 49 men and 31 women; 20 were attending a routine blood-donor clinic and the other 60 were laboratory staff or medical students. Their mean age was 30·5 years (range 18-65 years) and all had a normal plasma potassium concentration (mean of 3·92 mrnol/l, range 3·3-5·0). Their renal function was normal in so far as they had a normal plasma urea concentration (mean 5·05 mmol/l, range 3·0-9·5).
In physiological terms the steady-state unidirectional sodium flux (IM~a =°M~~) is a measure of the permeability of the erythrocyte membrane to sodium, whereas°K~~is a measure of the total activity of the 'sodium pumps', and as such is determined by both the total number and the average degree of activation of the 'sodium pumps'. This interpretation assumes that the efflux of sodium through each pump is linearly related to the intracellular sodium concentration, which appears to be the case (Welt, Smith, Dunn, Czerwinski, Proctor, Cole, Balfe & Gitelman, 1967) .
The relationship summarized in eqn. (4) suggests that differences in erythrocyte sodium content in health and disease are due to differences in either unidirectional sodium flux (IM~. =°M~~) or the rate constant of ouabainsensitive sodium flux (OK~~), or both. To investigate these proposals we examined the interrelationships between the sodium content and the rate (0M~~) and rate constant (0K~~) of ouabain-sensitive sodium efflux in the erythrocytes of six groups of subjects. These groups were healthy volunteer subjects, elderly patients, patients with hypokalaemia, hyperthyroidism or chronic renal failure and patients and healthy volunteer subjects taking digoxin. from the human erythrocyte is ouabain-sensitive (OM~Sa) and in a steady state will equal the total unidirectional sodium influx (IM~.) 
Hypokalaemia
Measurements were made in five patients with severe chronic hypokalaemia where average plasma potassium concentration before treatment was 2·0 mmol/I (range 1·4-2·6). The measurements were repeated during potassium repletion when the average plasma concentration of potassium had risen to 4·0 mmol/I (range 3· 7-4·3).
Digoxin treatment
We studied the effects of digoxin (Lanoxin, Burroughs Wellcome) in 10 subjects, all of whom gave informed consent to inclusion in the study, who took the drug for at least 4 consecutive days. Four subjects were normal volunteers who took O· 25 mg of digoxin daily and the other six were patients with heart failure in hospital for routine digitalization who were given 0·5 mg of digoxin twice on day 1 and then 0·25 mg twice daily. The measurements of sodium transport were made before the digoxin was started and were repeated on day 5 before the subjects had taken their daily dose of digoxin. The mean plasma concentration of digoxin on day 5 was 1·32 ng/ml (range 0·66-2·95).
Elderly patients
The 20 elderly patients had a mean age of 78·6 years (range 66-97 years) and had been resident in a long-stay geriatric hospital for at least 3 months. They were having blood taken as part of a regular biochemical screening procedure.
Hyperthyroid patients
The 24 patients in this group had clinically obvious hyperthyroidism which was confirmed by the finding of raised concentrations of thyroid hormones in their plasma. The mean total thyroxine was 202·4 nmol/I (range 83-316) and the mean total tri-iodothyronine was 5·86 nmol/I (range 3·2-9).
Chronic renalfailure
The group of 16 patients with chronic renal failure were attending an out-patient clinic. They were in a steady state and were not acutely ill. All were undergoing therapy with diuretics (mefruside, triamterene or frusemide) at various doses and 10 were also taking 1a-hydroxycholecalciferol as treatment for renal osteodystrophy. The mean plasma urea concentration was 24·6 mmol/I (range 9·8-49·3) and the mean plasma creatinine concentration was 578 ,umol/I (range 136-1150).
Methods
The methods used to measure the sodium content [Na]RBC and sodium transport of erythrocytes [as the rate (OM~~) and the rate constant (OK~~) of ouabain-sensitive sodium efflux] have been described in detail previously (Cumberbatch & Morgan, 1978) and are only summarized here.
[Na]RBC The sodium content of erythrocytes was calculated from the concentration of sodium in haemolysates prepared from a known weight of cells which had been packed by centrifugation at 15000 g for 30 min. The measurements were made on either unwashed erythrocytes ([Na]~';c) or erythrocytes washed 3 times with equal volumes of magnesium chloride (285 mosmol/l), before centrifugation, to remove plasma ([Na]~BC)' In each case the trapped fluid was 3% of the weight of the packed cells. The results are expressed as the amount of sodium per weight of wet cells (mmol/kg). The within-batch analytical standard deviations of [Na]~BC and [Na]~';c calculated from duplicate measurements on 25 samples were 0·11 and 0·12 with means of 7·32 and 11·25 mmol/kg so that the coefficients of variation were 1·48% and 1·07% respectively.°M~~a nd°K~T he ouabain-sensitive efflux of sodium (OM~~, mmol h-l kg-I) was measured as half the increase in erythrocyte sodium content during incubation with ouabain at 37°C for 2 h. The amount of ouabain added to whole blood was sufficient to give a calculated plasma concentration of 10-4 mol/I, which will maximally inhibit the 'sodium pump'.
The rate constant of ouabain-sensitive efflux (OK~~, hl ) was calculated as shown by eqn.
a RBC where [Na] ~BC is the sodium content of washed erythrocytes sampled before the addition of ouabain.
The within-batch analytical precision of°M~ã nd°K~~was assessed from duplicate measurements on 25 samples; the analytical standard deviations were 0·089 and 0·012 with means of 1·647 mmol hl kgl and 0·230 hl so that the coefficients of variation were 5·4% and 5·3% respectively.
In 19 healthy subjects the conventional tracer technique with 22Na (Sachs & Welt, 1967) was used to estimate the total (OM~a'°K~a) ouabainsensitive (OM~~,°K~~) and residual (OM~a'°K~a ) sodium efflux and sodium efflux rate constants. The rate constant (OK Na ) as calculated from the rate of extrusion of 22Na from previously loaded erythrocytes and the efflux (OM N a ) of sodium was calculated as shown by eqn. (6).
Results
In the healthy subjects the sodium content of washed erythrocytes was 6·35 mmol/kg (SEM 0·14; n = 80), the ouabain-sensitive sodium efflux (OM~~) was 1·846 mmol/kg (SEM 0·032; n = 80) and the ouabain-sensitive efflux rate constant (OK~~) was 0·305 h-1 (SEM 0·009; n = 80).
These results agreed well with those we and others have obtained with the 22Na-tracer technique (Table 1) . Fig. 1 
Statistics
Differences between group means were assessed by the two-tailed Student's t-test.
The correlation between any two variables was assessed with the product-moment coefficient of correlation (r) . The relationship between two variables (x, y) was calculated as the major axis of symmetry as described by Brace (1977) . This relation is given by the formula y = M· x + C, where M is the slope of the line and C its intercept with the y axis. M and C were calculated as 558 
o Contribution of trapped plasma sodium to [Na]R'C removed by: (i) washing with solution of magnesium chloride (285 mosmol/l): (ii) washing with solution of choline chloride (285 rnosmol/I); (iii) subtraction of trapped plasma sodium as estimated by "Cr-EDTA trapping; (iv) washing with iso-osmolar tetramethylammonium chloride. 2·22). Fig. 2 shows that [Nal: Bc also decreased as ouabain-sensitive sodium efflux (OM~~) increased (r = -0·269, n = 80, P < 0·02; M = -4·49, C = 14·65). Fig. 3 shows that there was a direct relationship within the group between°M~~and°K~~(r= +0·727, n = 80, P < 0·001; M = 3·46, C = 0·79). Similar correlations were observed when the erythrocytes of 19 healthy subjects were studied with the 22Na-tracer technique, but there was no significant relationship between°K~a and [Nal: Bc ' Table 2 shows the [Nal: Bc '°M~~and°K~~in the various groups we have studied and Fig. 3 shows the relation between°M~~and°K~~in those groups.
The patients with hypokalaemia before treatment had a raised erythrocyte sodium and a decreased°K~~but a normal°MN~( Table 2 ), so that the relationship between 0 M~~and 0KN~was different from that in healthy subjects (Fig. 4c) . The [Nal: Bc '°KN~and the relationship between oMN~and 0 KN~ (Fig. 3d) returned to normal as the plasma potassium returned to normal with treatment. The changes in the subjects taking digoxin were similar to those in the patients with 
INal~. ( (mmol/kg) hypokalaemia before treatment with a reduction in°K~~, but no change in°M~~ (Table 2 , Fig. 4a,   b ).
In contrast, in the elderly patients and hyperthyroid patients both°M~~and°K~~were significantly lower than values in the healthy subjects and there was a significant increase in [NaJ~BC in the hyperthyroid patients. The two groups had shifted down the relationship between°M~~and°K~~observed in healthy subjects (Fig. 4e) .
Our patients with chronic renal failure had a significantly lower [Nal~Bc and°M~~than the healthy persons, but a similar°K~~. The relationship between°M~~and°K~~was therefore different from that in healthy subjects (Fig. 4f) .
Discussion
Unidirectional efflux of sodium from the human erythrocyte proceeds almost entirely through the ouabain-sensitive transport system (Pump I) known as the Na+,K+-ATPase or 'sodium pump' (see the Introduction section).
Ouabain-sensitive sodium efflux measured with the conventional 22Na-tracer technique includes any 'sodium pump'-mediated ouabain-sensitive Na+/Na+ exchange as well as the Na+/K+ exchange (Garrahan & Glynn, 1967; Garrahan & Garay, 1974) . However, as would be predicted from investigations of the effect of extracellular potassium on the 'sodium pump' in vitro (Garrahan & Glynn, 1967) there is little or no ouabain-sensitive Na t/Na" exchange when the plasma potassium is normal, although it is easily detected in patients with hypokalaemia (Levin, Rector & Seldin, 1968 Cumberbatch & Morgan, 1978) . The technique we have used for the measurement of ouabain-sensitive efflux is based on changes in the concentration of sodium in the erythrocyte, after incubation with added ouabain, and therefore measures only unidirectional ouabain-sensitive sodium efflux (Cumberbatch & Morgan, 1978) .
Erythrocyte sodium content ([Na)RBC) varies with a group of healthy persons as much as it differs on average between health and diseased individuals and this variation in healthy persons must be due to either variation in the net sodium flux (OM~~) or efflux rate constant (OK~~) or both.
In the only study we can find, Smith (1972) found a close relationship between°K~~and [Nal RBc in healthy persons, but not between°M~~a nd [Nal RBc' and he concluded that the ouabain-sensitive efflux rate constant (OK~~) was the major determinant of erythrocyte sodium content in health.
We also found a close relationship in healthy persons between°K~~and [NaJRBC' In addition, however, we found a relationship between°M~ã nd [Na)RBC which surprisingly was an inverse relationship so that when the [Na)RBC was relatively high the°M~~was relatively low.
The explanation of this paradox was that there was a direct linear relationship between°M~~and°K~s a over a five-fold range of°K~sa' as shown by eqn. (7).°M~~= (3·46·oK~Sa)+0·79 (7) Therefore, the lower values of°M~~and°K~t ended to occur together and were associated with higher erythrocyte concentrations of sodium (and vice versa).
Our conclusion differs from Smith (1972) , who suggested that°K~~was the only determinant of lNal RBc in healthy persons. However, Smith's results fit within the relation betwen°M~~and oK~~which we observed, as do the data of Owen & McIntyre (1978) and Naylor (1970) (Fig. 3b) .
Nevertheless, the correlation we found be-alternative measure of sodium-pump activity) has been noted in the erythrocytes of patients with hereditary spherocytosis (Wiley, 1969 (Wiley, , 1972 . In a steady state the unidirectional influx of sodium (IM~a) is approximately equal to the unidirectional (ouabain-sensitive) sodium efflux (OM~a~°M~Sa) and therefore IM~a can substitute for°MOS in eqn. (7). This shows that IM~a is related to°K~~, as shown by eqn. (8).
IM~.~°M~~= (3·46·°K~s.)+ O·79
This relationship suggests that part of the unidirectional influx of sodium might be physically and functionally linked, as well as mathematically related, to the number of sodiumpotassium pumps present in each erythrocyte membrane. It is possible for example that there are 'membrane-units' that include both a site of influx of sodium and the sodium pump so that both the number of sodium pumps (OK~~) and the unidirectional influx of sodium (IM~a~°M~~) increase as the number of units increases. The flux that is not related to the number of sodium pumps (0· 79 mmol h-I kg-I) might then represent the general or ground permeability (IM~a) of the erythrocyte membrane separate from that of the 'membrane-units'. Therefore any change in erythrocyte sodium content will, according to this model, be due to a change in either the number or characteristics of the 'membrane-units' or to a change in the ground permeability of the membrane.
The erythrocyte sodium concentration was increased on average in the patients with hypokalaemia and the subjects taking digoxin and, to a lesser extent, in the elderly and those patients with hyperthyroidism. However, there was a decrease in mean erythrocyte sodium in the patients with chronic renal failure.
The increase in erythrocyte sodium in hypokalaemia has been previously reported (Astrup, 1974) . In our patients with hypokalaemia the increase in [Na]RBC was due entirely to a reduction in the activity of the sodium pumps (0K~~) so that the relationship between 0M~~and°K~~w as different from that in health. This effect of hypokalaemia on°K~~and [Na] RBC which can also be demonstrated in vitro (Levin et al., 1968 (Levin et al., , 1972 was completely reversed when the plasma potassium concentration returned to normal. Previous studies have suggested there is an increase in sodium flux in patients with hypokalaemia, but in those studies the efflux was measured with radioactive sodium, and the increase in the measured flux can be explained by an increased Na t/Na" exchange through the sodium pump (Cumberbatch & Morgan, 1978) (i.e. a change in total, but not unidirectional, sodium flux). It has been suggested that in chronic hypokalaemia the number of sodium pumps increases, as measured by an increase in the number of binding sites for ouabain (Erdmann & Krawietz, 1977) , so that the number of active 'sodium pumps' and sodium concentration of erythrocytes might return towards normal. There was no evidence that this had happened to any great extent in our patients with hypokalaemia.
The increase in erythrocyte sodium in the patients and healthy subjects taking digoxin confirms several previous reports (Astrup, 1974; Wessels et al., 1974) . This increase in [Na]RBC was due entirely to a decrease in the total activity of the sodium pumps (OK~~) without a change in sodium flux (OM~~) .
The mean erythrocyte sodium was increased in the patients with hyperthyroidism compared with the controls and this was associated with a reduction in both°M~~and°K~~. However, the relationship between these variables was similar to that in healthy persons. An increase in [Na]RBC in hyperthyroidism has been reported previously (Boekelman, 1958; Goolden, Bateman & Torr, 1971; Kanagasbapathy, Kumar, Mathai, Saxena & Koshy, 1973; Swaminathan, Segall, Chapman & Morgan, 1976) . However, only Smith & Samuel (1970) have studied the characteristics of erythrocyte sodium transport in that disease. They found, as we did, a decreased°K~~. Conversely, they found that the°M os N a was greatly increased in their hyperthyroid patients, whereas it was decreased in ours (Fig. 3e) . Our finding of a decrease in°M~~is supported by the work of Awaad & Goolden (1960) , who showed that the ouabain-sensitive influx of potassium decreases in hyperthyroidism and it is known that in the erythrocyte active (ouabain-sensitive) influx of potassium and active (ouabain-sensitive) efflux of sodium are linked (Sachs, 1972) .
We studied a group of elderly persons as it has been reported that the concentration of sodium in erythrocytes increases with age of the donor (Naylor, 1970; Nagaki & Teraoka, 1976 ). This change is thought to be due to a decrease of the erythrocyte Na+,K+-ATPase activity, and thus presumably of°K~~, with increasing age of the donor (Platt & Schoch, 1974) . The elderly persons we studied had a significantly lower°M~ã nd 0 K~~than those of the healthy controls and a slightly higher erythrocyte sodium. Again the relationship between°M~~and°K~~in the elderly was the same as that in the younger healthy persons.
There is general agreement that some patients with chronic renal failure, perhaps the minority, have a raised [Nal RBc and this is apparently due to a decrease in°K~~ (Welt et al., 1964; Kramer et al., 1976) . The previously reported patients with a raised [Nal RBc were ill . Our patients were attending an out-patient clinic and were not acutely ill and like those reported by Czakes, Aviram, Keynan & Ullman (1967) had a low [NalRBC" In our patients this decrease in [Nal RBc was not associated with a change in°K~b ut was due to a decrease in°M~~alone.
In the disorders we have studied the rise in the concentration of sodium in the erythrocyte was due to either a reduction in the activity of the sodium pumps (OK~~) alone (hypokalaemia, digoxin treatment) or to a simultaneous reduction of both the sodium flux (OM~~) and the activity of the sodium pumps (OK~~) in a relationship similar to that seen in health (hyperthyroidism, elderly). When a fall in°K~~is associated with a fall in°M~~, the increase in the concentration of sodium in the erythrocyte will be less than when there is a similar fall in°K~~alone.
In contrast the fall in erythrocyte sodium we observed in chronic renal failure was due to a fall in°M~~alone, which is similar to the changes which have been reported in liver disease (Owen & McIntyre, 1978) .
These changes in disease can be interpreted in terms of our model of 'membrane-units' and ground permeability of the erythrocyte membrane. On that basis, in the elderly and hyperthyroid patients there is a reduction in the number of 'membrane-units', in hypokalaemia and digoxin treatment there is a reduction in activity of the 'sodium-pump' component of the 'membrane-units' and in chronic renal failure there is a change in the permeability of the membrane to sodium alone.
